The absorption spectra for a gold nanocube and for a gold nanobar are calculated by using the Discrete Dipole Approximation (DDA). The results show the excitation of a single albeit broad surface plasmon (SP) band of the gold nanocube. The extinction cross section of the gold nanocube is dominated by the absorption cross section that gains importance as the width increases. Further increasing the nanocube size beyond 80 nm will result in an optical response mainly characterized by scattering properties. The absorption spectrum of the nanobar shows the excitation of both the longitudinal mode (LM) and the transverse mode (TM). The nanobar is also compared to a cylinder, a spherically capped cylinder, and a spheroid of the same aspect ratio. The band position of the TM of the nanobar is red-shifted as compared to the ones calculated for other morphologies, while the LM is either blue-shifted or red-shifted depending on the morphologies considered.
Introduction
Noble metal nanoparticles of a size smaller than the wavelength of the incident radiation can effectively scatter and selectively absorb light at a certain wavelength in the visible and near-infrared regions. Faraday [1] was the first to notice such optical properties of the metallic nanoparticles. Due to the interaction of the incident electromagnetic radiation with the metallic nanoparticles, the conduction electrons exhibit collective oscillations parallel to the incident electric field, resulting in the redistribution of the polarization charges at the metal/dielectric interface. The collective oscillatory motion of electrons at the metal surface is known as Surface Plasmon Resonance (SPR) [2] [3] [4] . If the electronic motion is confined locally around the nanoparticles, the oscillation is called Localized Surface Plasmon Resonance (LSPR). The LSPR is responsible for the fascinating optical properties of the metal at the nanometric scale as compared to its bulk counterpart [5] . The optical characteristics of the LSRP (the frequency and the bandwidth) are strongly dependent on the size, the distribution of the polarization charges over the surface area of the nanoparticles (the shape), the dielectric function of the surrounding material, the composition of the nanostructure, and the coupling between the plasmon resonances in nearby structures [6] [7] [8] [9] [10] [11] [12] [13] . In addition, the optical response of the nanostructures depends on the frequency and the polarization state of the incident radiation [11] . The optical responses of the nanostructures have been studied extensively both experimentally [14] [15] [16] [17] [18] [19] [20] and theoretically [21] [22] [23] [24] [25] .
The metallic nanoparticles have thus attracted intensive interest from researchers because of the tremendous potential applications in many fields including optical imaging and photothermal treatment [26] [27] [28] [29] , Surface-Enhanced Raman Scattering (SERS) [30] [31] [32] , chemical and biological sensing [33] [34] [35] , photothermic transducer of laser radiation [36] , nanoantenna [37] , and solar energy conversion technology [38] [39] [40] . Due to the high symmetry order of the spherical nanoparticles, it is expected that the absorption spectrum exhibits a single dipolar plasmonic band. Changing the morphology of the nanoparticle resulted in changing the symmetry order, which has a dramatic effect on the distribution of the polarization charges over the surface area of the nanostructure. The redistribution of the charges results in tuning the frequency and the type of the excited plasmon mode, namely, the TM, the LM, and the high-order multipole resonance modes [41] [42] [43] .
Tailoring the optical properties of the metallic nanostructures of different size and shape is a desired aim for technological applications. Simulation of the optical response of the metallic nanoparticles is considered as the first step to achieve this goal. Many computational tools have emerged to model the optical properties of these nanostructures. Based on the analytical solution of Maxwell's equation, the Discrete Dipole Approximation (DDA) [44] [45] [46] [47] [48] [49] is a powerful technique to calculate the absorption and scattering cross sections of nanostructures of arbitrary shape, structure, and composition. It can be used for a single particle and for assemblies of particles that are surrounded by a medium with a complex dielectric function. Many research groups used DDA to simulate the optical properties of metallic nanostructures of different shapes and sizes (nanospheres [10, 13] , nanorods [22, 23, 50] , and nanoprism [41] ). Among the interesting nanostructures, one can cite the nanocube and the nanobar. Updated nanofabrication techniques are indeed able to produce a well-defined nanocube [51] [52] [53] [54] [55] [56] [57] or nanobar [57] of different size distributions and even an ordered 2-D array of different configurations [58, 59] . It would thus be of great interest to examine theoretically in detail the properties of these particles. This is precisely the objective of the present study as the DDA is employed to simulate the absorption spectrum for both an isolated gold nanocube and an isolated nanobar. For the nanocube, the main contribution to the extinction cross section from either the absorption or the scattering is discussed. The results found will be useful for determining the spatial deposition of gold nanocubes in the designing of, for example, plasmonic solar cells. The absorption properties of the nanorod will be investigated in terms of the length distribution and the relative orientation to the incident light. The absorption of this latter nanostructure will be compared with the ones calculated for other nanoparticles which exhibit two-fold symmetry.
This study is organized as follows. In Section 2, we discuss briefly the basic idea of the computational tool DDA, followed by a presentation of the target geometry, the corresponding structural parameters and the relative orientation of the nanostructure in the incident electromagnetic field. Section 3 will include the results and discussion, which is divided into two subsections. The first subsection concerns the discussion on the modeled absorption spectra of a single nanocube. The absorption efficiency will be compared with the one for a spherical particle of the same size and volume. The second subsection studies the changes in the optical properties of the nanocube due to elongation of the structure along one of its axis, resulting in an evolution of the nanobar. The optical response of the nanobar is then compared with the one of the plain cylinder, a spherically capped cylinder, and an ellipsoid of the same aspect ratio (AR).
Discrete Dipole Approximation (DDA)
The exact solution of Maxwell's equation for some specific geometries is known, namely, in the case of the spherical particle, the infinite cylinder, and the spheroid [60, 61] . For other morphologies, an approximated solution is often required. DDA indeed offers a powerful numerical tool to model the optical properties of nanostructures of arbitrary shape, structure, and composition. The description of the mathematical formulation of the DDA is out of the scope of this paper, but more details can be found in the references cited. Briefly, in the response of the incident electromagnetic field, the polarization charges of the metallic nanoparticles are redistributed. Therefore, the electron cloud is shifted relative to the positive core resulting in an induced electric dipole moment. Based on the interaction between the induced dipoles, the optical response of the metallic nanostructures can be calculated. The DDA requires breaking up the target under investigation into three-dimensional dipoles. The induced dipoles are sitting on a periodic square lattice, such that the side length of one lattice unit represents the dipole separation (d). To provide an accurate description of the target's geometry, a large number of the dipoles are required to mimic properly the structural parameters of the nanostructures. The description of the actual volume (V ) of the target solid material depends on the number of dipoles and the size of the square unit lattice (d 3 ). The size of the target is also characterized by an equal volume sphere of effective radius a eff = (3v/4π) 1/3 . The desired output of the DDA in this study is the absorption cross section (C) of the nanostructure normalized to its geometrical cross section (πa 
The Structural Parameters and the Morphology of the Target
To study the effect of the various parameters such as the size and the angle of the incidence on the optical characteristics of LSPR of the metallic nanocube and nanobar, batches of simulations were performed. The structural parameter of the nanocube is determined by the side length as shown in Figure 1 (a). Scanning Electron Microcopy (SEM) images for experimentally prepared particles showed that the width of the nanocubes ranged between 20-100 nm [51] [52] [53] [54] [55] [56] [57] [58] [59] . Since the nanocube is considered as seeds for the synthesis of the nanobar by stretching the former along one of its axis, the width of the nanobar cross section will still be represented by the side length of the preliminary seeds. The structural parameter of the nanobar is defined further by the aspect ratio (the actual length (L) divided by the width (W)) as illustrated in Figure 1 (b). It is assumed that the incident light is linearly polarized in the y-direction, and the direction of the propagation is considered along the x-axis. The orientation of the target is achieved by rotating the major axis with respect to the propagation direction by an angle θ as shown in Figure 1(c) . For modeling of the optical response of the nanostructure under investigation, the bulk gold dielectric function has been extracted from Johnson and Christy [62] . The effective radius of the equivolume sphere for the nanocube and the nanobar is r eff = (3/4π) 1/3 W and r eff = (3W 2 L/4π) 1/3 , respectively.
Results and Discussion
Theoretical calculations of the absorption spectra are done by using DDA. All the calculations presented here refer to the air as the surrounding material where the nanostructures are embedded. Since the size of the nanoparticle considered here is larger than the mean free path of the conduction electrons, the scattering process of the conduction electron on the nanoparticle surface has insignificant effect on the dielectric function, and no further size correction is required for the bulk dielectric function. Mainly, the discussion is divided into two main parts with the first part showing the dependency of the absorption spectrum of an isolated gold nanocube on the size. A comparison between a gold nanocube and a silver nanocube of the same size will be presented. The evolution of the nanobar from the nanocubic seeds will be the topic of the second subsection. The effect of the orientation and the length distribution on the absorption efficiency of the gold nanobar will be discussed in terms of the band position and the intensity of plasmonic mode.
The Optical Properties of an Isolated Nanocube.
To investigate the size effect on the optical behaviour of an isolated metallic nanocube, a series of absorption spectra have been simulated. The side length of the nanocube has been chosen in the range 20-100 nm. In all the simulations, the interdipole separation was kept constant at around 1 nm, giving a total of 8000 to 1000000 dipoles per nanocube. The chosen number of dipoles was sufficient to mimic the structure of the nanocube properly and to achieve a proper convergence of the simulation.
The result of the simulations shows that the absorption spectrum depends strongly on the size of the nanocube. Upon increasing the size, it is found that the amplitude increases linearly. With increasing W, the extinction efficiency has mainly contributions from the scattering cross section resulting in a decreased absorption amplitude, that is, when W > 80 nm as shown in Figure 2(a) . The dependency of the absorption amplitude on the nanocube size is illustrated in Figure 2 (b) and it fits with a Gaussian function. In addition, the band position of LSPR band is affected by changing the width, and it appears linearly redshifted with increasing side width as shown in Figure 2 (c). The observed linear relation is in good agreement with published experimental results in the case of the silver nanocube [63] . The calculated absorption spectrum of a nanocube with a width of 45 nm is compared with the one measured recently by Wu et al. for gold nanocubes in water [64] . The band position of the calculated spectrum is at a longer wavelength as compared to the observed experimental one. The difference in the wavelength locations between the experimental and calculated bands would be mainly attributed to the sharp edge nanocube considered in the simulation. The synthesized nanocubes have rounded edges which would result in a blue shift due to decrease in the particle size. Experimental observations of this nature were also made regarding triangular silver nanoparticles with sharp and rounded edges [65] .
The optical response-size dependency can be used effectively in Plasmonic Thin Film Solar Cells (PTFSC) by depositing the nanocubes with W > 80 on the top of the solar cell to enhance the light scattering. They act like antenna to direct the scattered light into the interior part of the cell for more absorption. The smaller ones (W ≤ 80 nm) could be deposited between the active layers to increase the photogeneration of the electron-hole pairs and hence improve the light trapping capacity of the device due to the enhancement of the near electromagnetic field around the nanoparticles [66] .
The absorption spectrum of the metallic nanocube of side length 50 nm is compared with that of two different spheres as shown in Figure 3(a) ; the first one is of size 50 nm (diameter) and the other has an equal volume to the nanocube. The calculated spectra of the nanocube show the excitation of a single plasmonic mode as in the case of the sphere. The polarization charges redistribution over a larger surface area of the nanocube as compared with the two spheres resulted in enhances in the absorption intensity. The nanocube has several symmetry axes, thus it is expected that the absorption spectrum exhibits several plasmonic bands. It seems however that the band positions of those modes are very close to each other making them indistinguishable, resulting in the excitation of a single broadened band. The LSPR band is red-shifted as compared to the corresponding spheres. In the case of the silver nanocube, the plasmonic bands which correspond to the multifold symmetry are well separated, resulting in the excitation of more than a single band as shown in Figure 3(b) . It is well known that the polarization charges accumulated at a sharper area like the corner of the nanocube will result in an increase in the separation between the electron cloud and the positive core, and thus the electrostatic columbic force (restoring force) is decreased. This increasing separation will lead to a red shift of the observed plasmonic band as compared to the absorption spectrum for a corresponding spherical particle. The optical response of the nanocube is not affected by its orientation relative with respect to the incident electric field.
The Optical Properties of an Isolated Nanobar.
As mentioned earlier, the morphology of the nanobar evolves from the preliminary nanocube seed by elongation along one of its axis, and the cross section of the nanobar is still represented by the side length. As the morphology of the cube nanoparticle is changed to that of an elongated nanobar, the single plasmon band splits into two bands, the longitudinal band and the transverse band that are, respectively, due to oscillations of the polarization charges along and perpendicular to the major axis of the nanobar. The splitting occurs at a specific incident angle of the incident p-polarized light. The electric field of the p-polarized light has two components, respectively, along and perpendicular to the main axis of the nanobar. The s-polarized light has an electric field component perpendicular to the main axis of the nanobar, leading to the excitation of the transverse mode, and the longitudinal mode is not observed even at different incident angles. Figure 4 shows the absorption of a nanobar of width 40 nm and length 80 nm. The intensity of LM and TM modes depends strongly on the incident angle. The TM is inversely related to the angle, while the LM is directly proportional to it. The band positions of both modes remain at the same wavelength. At the two extremes of the incident angles (0 • , 90
• ), only one plasmon band is observed due to oscillations of the polarization charges parallel or perpendicular to the main axis. Both modes contribute to the total absorption spectra at intermediate angles in the range from 15
• to 75
• .
Journal of Nanomaterials To investigate the effect of the nanobar length on the absorption spectrum, a series of simulation were performed for different lengths. The calculations were performed at a constant width (40 nm) with various lengths L ∈ {60, 80, 100, 120, 140} nm and the corresponding AR ∈ {1.5, 2, 2.5, 3, 3.5}. Figure 5(a) shows the calculated spectra at various AR at θ = 30
• . It can be seen that the plasmon band of the nanocube splits into two modes as the length increases. The position of the longitudinal band is observed to be the major change in the optical response of the nanobar due to the change in the structural parameters, whereas an insignificant change in the band position of the TM has been observed upon the increase in length. The band position can therefore be tuned in both the visible and near infrared regions. The change in the longitudinal band position with aspect ratio shows a linear variation. The linear dependency of the band position of the LM on the AR has been in fact observed experimentally for metallic nanostructures of different morphologies that included nanorods (characterized by the plain cylinder and spherically capped cylinder) and ellipsoids [18, 23, 50, 67] .
Upon increasing the AR of the nanobar, the absorption amplitude of the LM increases, and the maximum absorption occurs at AR = 2.5. Further increasing the length will result in a decrease of the absorption cross section. For the nanoparticle of small size, the absorption cross section is larger than the scattering one, so the extinction coefficient is mainly represented by the absorption properties. For larger nanoparticles (effective size of about 100 nm) the scattering properties is dominant [23, 68, 69] . The theoretical observation for the nanocube and the nanobar here fits with these previous published data [23, 68] . The absorption spectrum of nanoparticles which have two-fold symmetry like the plain cylinder, that is, the spherically capped cylinder and the spheroid, exhibits the excitation of both LM and TM. The absorption efficiency of the nanobar is now compared with that calculated for the other morphologies with the same AR. The way the polarization charges are distributed over the surface area of the nanostructure determines the position and intensity of the plasmonic band. At normal incidence, the TM band positions of the ellipsoid and capped cylinder are comparable. In the case of the nanobar and the plain cylinder, the band position is red-shifted as compared to the band of the ellipsoid as illustrated in Figure 6 (a). It is clear that the nanobar has the maximum absorption because of the larger cross-sectional area. The ellipsoid and the nanorod (the plain and the spherically capped) have a smaller width as compared to the nanobar, resulting in lesser absorption.
The calculated LM depends strongly on the morphology of the nanoparticle, and the redistribution of the polarization charges over a smooth flat area would result in a blue shift of the band position of the LM as in the case of the ellipsoid and the capped spherical cylinder with respect to other morphologies as shown in Figure 6 (b).
Conclusion
The absorption efficiencies for a single gold nanocube and a single nanobar are modeled by using DDA. Results of Journal of Nanomaterials 7 the simulation of the optical properties of the nanocube show that the contribution to the extinction cross section comes mainly from the absorption one when the width W ≤ 80 nm. When further increasing the width, the contribution of the scattering cross section becomes dominant. The position of its plasmonic band is red-shifted linearly with the side length. The distribution of the polarization on the corner of the nanocube increases the separation between the negative/positive charges, leading to a red shift in the band position of the LSPR mode as compared to a gold spherical particle of the same size. The absorption spectrum of a gold nanocube exhibits the excitation of single plasmonic band as compared to the excitation of several plasmonic bands in the case of a silver nanocube. Due to oscillations of the polarization charges parallel and perpendicular to the main axis of the nanobar, both the longitudinal and the transverse modes are observed. The intensity of the longitudinal mode is inversely proportional to the incident angle, while the intensity of the other mode is directly proportional to it. The band position of the most intense LSPR band can be tuned linearly in both the visible and near infrared regions by changing the length at a constant width. Distribution of the polarization charges across the nanoparticles of different morphologies (nanobar, cylinder, spherically capped cylinder, and ellipsoid) of the same aspect ratio results in a shift in the position for both bands. Considering the position of the ellipsoid plasmonic bands as a reference, both modes of the other shapes are red-shifted.
